Introduction
Acute myeloid leukemia (AML) is an aggressive hematologic neoplasm characterized by clonal expansion of myeloid blasts. Over 30% of AML patients harbor activating mutations in the FMS-like tyrosine kinase-3 (FLT3) gene, and those who carry an internal tandem duplication (ITD) mutation in the juxtamembrane domain have a particularly poor prognosis.
1,2 FLT3 is a receptor tyrosine kinase that plays important roles in the survival, proliferation and differentiation of hematopoietic stem/progenitor cells. [3] [4] [5] The FLT3-ITD mutation confers constitutive autophosphorylation and activation of downstream signaling pathways, including PI-3-kinase/AKT, RAS/ERK and STAT5. 2, 6 FLT3 interacts with Dedicator of Cytokinesis 2 (DOCK2), which is a guanine nucleotide exchange factor for Rac1 and Rac2. [7] [8] [9] [10] Rac1 is widely expressed and plays key regulatory roles in various cellular functions, including actin cytoskeleton reorganization, cell proliferation, DNA damage response (DDR), angiogenesis and glucose uptake. [11] [12] [13] [14] [15] [16] Unlike Rac1, DOCK2 is expressed predominantly in hematopoietic tissues. 10 DOCK2 is known to regulate several crucial processes, including lymphocyte migration, activation and differentiation of T cells, cell-cell adhesion, and bone marrow homing of various immune cells. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Patients with DOCK2 deficiency exhibit pleiotropic immune defects, often characterized by early-onset invasive bacterial and viral infections with T-and/or B-cell lymphopenia, as well as defective T-cell, B-cell, and natural killer-cell responses. 29, 30 We previously demonstrated that suppression of DOCK2 expression in FLT3-ITD-positive leukemic cells led to a concomitant decrease of STAT5 and Rac1 activity, and that DOCK2 knockdown (KD) in a FLT3-ITD leukemia cell line prolonged disease progression in a mouse xenograft model. 7 Additionally, we found that DOCK2 KD leads to increased sensitivity to the chemotherapeutic agent cytarabine (ara-C), which is the backbone of AML therapy. 7 In the current study we further investigated the mechanisms by which Rac1/DOCK2 activity affects cell survival and response to ara-C in FLT3-ITD leukemia cells. We found that DOCK2 KD in FLT3-ITD cells resulted in decreased expression and activity of FLT3-ITD itself, as well as decreased expression of both mismatch repair (MMR) and DDR factors. Additionally, exogenous expression of FLT3-ITD resulted in elevated expression of DDR factors, increased Rac1 activity, and increased resistance to ara-C in TF-1 cells. Furthermore, DOCK2 KD significantly enhanced the sensitivity of FLT3-ITD leukemic cells to combined treatment with ara-C and DDR inhibitors, both in vitro and in a mouse xenograft model. These findings suggest that FLT3-ITD and Rac1/DOCK2 are key modulators of a coordinated regulatory network that controls DDR activity in FLT3-ITD leukemic cells, and also indicate that modification of DDR pathways may be of value in the treatment of FLT3-ITD AML.
Methods
Additional methods are detailed in the Online Supplement.
Cell culture assays
All assays were performed according to the manufacturers' instructions. To measure cell proliferation after drug treatments, 0.5 x 10 6 cells/mL were placed in 24-well plates in triplicate, and cell densities were measured. Apoptosis assays were performed using annexin V-APC and 7-amino-actinomycin D (7-AAD; BD Biosciences, San Jose, CA, USA). Late apoptosis was defined as cells positive for both 7-AAD and annexin V, and apoptotic cells were cells positive for annexin V. The half maximal inhibitory concentration (IC 50 ) values of the drugs for each cell line were determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Roche Diagnostics, Indianapolis, IN, USA) (Online Supplementary Figure S1 ). Rac-1 activation (Rac1-GTP) was assessed using the G-LISA activation assay (Cytoskeleton, Inc., Denver, CO, USA). The levels of reactive oxygen species in cells were measured using CM-H 2 DCFDA (ThermoFisher Scientific, Waltham, MA, USA). The cell cycle was analyzed using a BD Pharmingen TM BrdU Flow Kit (BD Biosciences), and flow cytometric analysis of cellular gH2AX level was performed using Alexa Fluor 647-anti phospho-Histone H2AX (S139) antibodies (613408; BD Biosciences) in combination with the BD Pharmingen TM BrdU Flow Kit.
Mouse transplantation experiments
NSG (NOD/Shi-scid/IL-2Rg null ) mice were provided by the Johns Hopkins Research Animal Resources. Each mouse (female, 6-8 weeks) was injected with 0.6 x 10 6 cells via the lateral tail vein. Engraftment was assessed by flow cytometric measurement of human and mouse CD45 expression on the cell surface (APC mouse anti-human CD45 and FITC rat anti-mouse CD45, BD Biosciences). Treatments of mice transplanted with control MV4;11 (MV4;11-C) cells started on day 12 after transplantation, while treatments of mice transplanted with DOCK2 KD MV4;11 (MV4;11-KD) cells started on day 49 after transplantation. The starting times for treatments were determined based on pilot experiments that revealed the difference in disease progression in these two groups of mice. Engraftment in peripheral blood was assessed immediately prior to the start of treatment to ensure that the two groups of mice had similar peripheral blood blast levels (Online Supplementary Figure S6) . Each mouse was given daily intraperitoneal injections of vehicle, ara-C (50 mg/kg), MK8776 (10 mg/kg), MK1775 (15 mg/kg), ara-C+MK8776 or ara-C+MK1775 for 3 consecutive days. When administered in combination with ara-C, MK8776 and MK1775 were injected 30 min after the ara-C injection. Each treatment group contained at least ten mice, three to five of which were sacrificed for bone marrow engraftment analysis 7 days after the start of treatment, and the rest were monitored for survival. All animal procedures were conducted in accordance with the Guide for the Care and Use of Laboratory Animals (National Institute of Health, Bethesda, MD, USA) and were approved by the Institutional Animal Care and Use Committee at Johns Hopkins University.
Statistics
Statistical analyses were performed with the Student t test (twotailed), repeated measure analysis of variance, and log-rank tests using GraphPad (GraphPad Software, Inc., La Jolla, CA, USA). Each data point represents the average of at least three biological replicates. All data are presented as the mean ± standard error of the mean. P values <0.05 were considered to be statistically significant.
Results

Decreased DOCK2 expression in MV4;11 cells leads to differential responses to ara-C and 5-fluorouracil treatment
The antimetabolite ara-C interferes with the synthesis of DNA, and is the backbone of both induction and consolidation regimens in the treatment of AML. KD of DOCK2 expression via stable expression of a short hairpin (sh)RNA in the FLT3-ITD MV4;11 leukemic cell line resulted in increased sensitivity to ara-C (3 μM), as indicated by increased apoptosis ( Figure 1A ) and reduced cell proliferation ( Figure 1B) . However, when the same cell lines were treated with the thymidylate synthase inhibitor 5-fluorouracil (5-FU; 0.5 μM) they exhibited a markedly different response to treatment, with DOCK2 KD MV4;11 cells showing decreased apoptosis and increased cell proliferation. These differential effects were not seen in REH cells, a leukemia cell line that expresses wildtype (WT) FLT3 ( Figure  1A,B) , or K562 cells, a leukemia cell line that does not express FLT3 (Online Supplementary Figure S2) , suggesting that the FLT3-ITD mutation is responsible for the effect.
We further investigated the differential effects of ara-C and 5-FU treatment in the proliferation and cell cycling of FLT3-ITD-positive cells using a bromodeoxyuridine (BrdU) incorporation assay. Both control and DOCK2 KD MV4;11 cells showed arrested DNA synthesis in response to ara-C ( Figure 1C ). While control cells continued to synthesize DNA, albeit following a brief partial arrest and at a reduced rate, DNA synthesis was completely abrogated in DOCK2 KD MV4;11 cells within 2 h of ara-C treatment. DNA replication recovered faster in the control MV4;11 cells, while an overall reduction in replication persisted in the DOCK2 KD cells throughout the 26 h observation period (Online Supplementary Figure S3A ). In contrast, 5-FU treatment of control cells resulted in progres-FLT3-ITD leukemia, DOCK2 and DNA damage response 
DOCK2 and FLT3-ITD cooperate to regulate the DNA damage response in FLT3-ITD leukemic cells
5-FU is a thymidylate synthase inhibitor that blocks the synthesis of thymidine, and is utilized in the treatment of solid tumors including colorectal adenocarcinoma. MMRdeficient colorectal adenocarcinoma cells are reported to exhibit markedly decreased sensitivity to 5-FU treatment with a concurrent increase in sensitivity to ara-C, which is a profile similar to that seen in FLT3-ITD leukemic cells with DOCK2 KD. 31, 32 This suggests that DOCK2 may exert its effects on FLT3-ITD leukemic cell growth via DDR pathways. To verify this, we evaluated the effects of DOCK2 KD on components of MMR and DDR in FLT3-ITD cells.
We first investigated the effects of DOCK2 KD on mRNA levels of key MMR and DDR factors. Decreased DOCK2 expression in MV4;11 cells resulted in significantly reduced mRNA levels of key MMR factors MLH1, MSH2 and MSH6, as well as DDR factors including CHK1, WEE1, RAD51 and PIM-1, although MLL (KMT2A) was not affected (Figure 2A) . Accordingly, western blot analysis demonstrated that protein levels of MLH1, MSH2, RAD51, PIM-1, CHK1, WEE1 and JUN were also markedly decreased in DOCK2 KD MV4;11 cells, as was the expression of activated (phosphorylated) CHK1, WEE1 and JUN ( Figure 2B, D) . Of note, JUN is part of the AP1 complex that regulates the transcription of MMR factors.
33
DOCK2 KD MV4;11 cells also exhibited significantly reduced expression of MEIS1 and MYB, which are known regulators of FLT3 expression (Figure 2A, B, D) . 34, 35 Accordingly, the binding of MEIS1/2 and MYB to the regulatory element located -15 kb from the FLT3 initiating codon was significantly reduced, as indicated by chromatin immunoprecipitation assays ( Figure 2C) , and the expression level and activity of FLT3 were markedly decreased in DOCK2 KD cells (Figure 2A, B, D) . Similar changes in expression levels of FLT3 and DDR factors were also observed in the FLT3-ITD-positive Molm14 leukemia cell line (Online Supplementary Figure S4A) . However, the expression of most of the DDR factors examined was not significantly altered in REH cells, which express WT FLT3 (Online Supplementary Figure S4B) .
Since DOCK2 KD leads to decreased Rac1 activity and FLT3 expression in MV4;11 cells, we investigated whether a pharmacological reduction in Rac1 and FLT3 activity would also lead to downregulation of DDR factors. After treatment with the Rac1 inhibitor NSC23766 (40 μM) or the FLT3 inhibitor sorafenib (25 nM), MV4;11 cells exhibited a similar profile of protein expression changes as those seen in DOCK2 KD cells, including decreased phospho-STAT5 as well as AP1 and DDR factors ( Figure 2D ). These findings suggest that the downregulation of DDR activity observed in DOCK2 KD MV4;11 cells is likely due to reduced Rac1 and/or FLT3 activity in these cells. Furthermore, this observation is consistent with our previous finding that FLT3 inhibitors markedly sensitized DOCK2 KD MV4;11 cells to ara-C treatment, while control cells were not significantly affected. 7 We further investigated the downstream effects of the reduction of MMR and DDR factors seen in association with DOCK2 KD in FLT3-ITD leukemic cells by assessing the phosphorylation of histone H2AX (gH2AX), which is triggered by DNA damage. Western blot analysis revealed a significantly reduced level of gH2AX in DOCK2 KD MV4;11 cells compared with the level in control cells (Figure 2B Figure 2E ). Control MV4;11 cells showed increased DNA damage upon treatment with either ara-C (3 μM; 18 h) or 5-FU (0.5 μM; 18 h). In contrast, DOCK2 KD MV4;11 cells exhibited a significant increase in the gH2AX-high proportion only in response to ara-C but not 5-FU treatment. The 5-FU-treated DOCK2 KD MV4;11 cells demonstrated a gH2AX profile similar to that of untreated cells ( Figure 2E ). Meanwhile, both control and DOCK2 KD REH cells exhibited similar levels of gH2AX after treatment with either ara-C or 5-FU ( Figure 2E ). These data indicate that DOCK2 KD impedes the cells' ability to repair damaged DNA upon ara-C but not 5-FU treatment.
In order to confirm that FLT3-ITD affects expression of DDR factors, we utilized a TF-1 leukemia cell line that does not normally express FLT3. Consistent with previous reports, TF-1 cells exogenously expressing a moderate (TF-1-ITD-A) or relatively high level of FLT3-ITD (TF-1-ITD-B) both exhibited elevated Rac1 activity and an increase in the level of reactive oxygen species ( Figure 3A) . Downstream targets of FLT3-ITD signaling include STAT5 and ERK1/2. The STAT5 pathway is known to regulate the expression of DDR factors (CHK1, WEE1, RAD51), and the ERK1/2 pathway is known to affect the generation of MMR and DDR factors. Thus, we would expect both DDR and MMR factors to be enhanced by exogenous expression of FLT3-ITD in TF-1 cells. 33, [36] [37] [38] [39] [40] [41] Quantitative reverse transcriptase polymerase chain reaction studies of TF-1 cell lines confirmed that expression of FLT3-ITD resulted in a significant increase in CHK1, WEE1, MSH2, MSH6, MLH1 and RAD51 expression, which positively correlated with the level of FLT3-ITD expression in these cells ( Figure 3B ). In contrast, relatively high expression of WT FLT3 in TF-1 cells resulted in only minor increases in the expression of MMR factors (MSH2, MSH6, MLH1), with no change in CHK1, WEE1 or RAD51 expression ( Figure 3B ). Consistent with increased DNA repair activity in FLT3-ITD-expressing TF-1 cells, these cells exhibited markedly increased resistance to ara-C treatment, which also correlated positively with the level of expression of FLT3-ITD ( Figure 3C ).
Taken together, these results indicate that DOCK2 expression affects the level of FLT3-ITD expression, with associated changes in the expression of DDR factors and DNA damage.
DOCK2 knockdown renders MV4;11 cells more sensitive to treatment with DNA damage response inhibitors
Since DOCK2 KD MV4;11 cells exhibit downregulation of CHK1, WEE1 and RAD51, we further investigated FLT3-ITD leukemia, DOCK2 and DNA damage response 
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WEE1 inhibitor MK1775 and RAD51 inhibitor B02 ( Figure  4A ). Furthermore, synergistic effects between these DDR inhibitors and ara-C were observed at markedly lower concentrations in DOCK2 KD MV4;11 cells (Online Supplementary Figure S4C ).
Flow cytometric analysis of cellular gH2AX levels revealed that increased DNA damage (% high γH2AX) was significantly more frequent in DOCK2 KD MV4;11 cells than in control MV4;11 cells after treatment with ara-C (2 μM), alone or in combination with MK8776 (0.1 μM), haematologica | 2019; 104(12) This assay indicates not only the overall percentage of cells that harbored elevated DNA damage, but also the extent of the damage as measured by the mean fluorescence intensity of gH2AX. The differences in these measurements were particularly notable when cells were treated with ara-C with or without DDR inhibitors. In the presence of ara-C, the percentage of cells with elevated gH2AX level was much higher among DOCK2 KD cells than among the control cells. In contrast, the mean fluorescence intensity of gH2AX was not markedly increased in the DOCK2 KD cells as compared to the control cells. This indicates that the DDR was activated in both control and DOCK2 KD cells after a low level of DNA damage was induced by ara-C, resulting in the arrest of DNA replication and cell cycle to prevent further damage. As shown in Online Supplementary Figure S3 , after ara-C treatment, control cells were able to overcome the cell cycle arrest due to higher DNA repair activity. In contrast, DOCK2 KD cells were unable to repair the damage and remained arrested. Therefore, at the point of measurement (16 h after ara-C treatment), when the majority of control cells had repaired the damage and resumed DNA replication and cell cycling, a much higher percentage of DOCK2 KD cells still harbored DNA damage. As expected, when a DDR inhibitor (MK8776 or MK1775) was added, the number of cells (gH2AX %) that exhibited DNA damage increased significantly over that following treatment with ara-C alone. Notably, the extent of DNA damage (gH2AX mean fluorescence intensity) in DOCK2 KD cells showed a marked increase over that of cells treated with ara-C alone, while a modest increase was observed in control cells. These findings are consistent with an increase in DNA damage level and a loss of DNA damage checkpoint response in cells treated with both ara-C and a DDR inhibitor, which are enhanced by suppression of DOCK2 ( Figure 4B , Online Supplementary Table S2) .
We further investigated whether suppression of Rac1 activity affects sensitivity to ara-C in primary mouse leukemic samples. Whole bone marrow cells from moribund As previously reported, NSG mice transplanted with MV4;11 cells displayed markedly extended survival when expression of DOCK2 was suppressed. 7 Since DOCK2 KD MV4;11 cells exhibit significantly increased sensitivity to treatments with ara-C and DDR inhibitors in vitro, we further investigated the effects of DOCK2 KD on the sensitivity of FLT3-ITD leukemic cells to these treatments in a mouse xenograft model. Mice were injected with 0.6 x 10 6 MV4;11 cells with or without DOCK2 KD cells via a lateral tail vein, and engraftment of the cells was monitored over time. Treatment with ara-C and/or DDR inhibitors was initiated when mice transplanted with control and DOCK2 KD cells reached similar levels of engraftment (day 12 after transplantation for control mice and day 49 after transplantation for DOCK2 KD mice) (Online Supplementary Figure S6) . Each mouse received daily intraperitoneal injections of vehicle, ara-C (50 mg/kg), MK8776 (10 mg/kg), MK1775 (15 mg/kg), ara-C+MK8776, or ara-C+MK1775 for 3 consecutive days. DOCK2 KD mice treated with ara-C showed extended survival that was statistically significant as compared with vehicle-treated mice ( Figure 5 ). Furthermore, DOCK2 KD mice treated with ara-C+MK8776 showed slightly prolonged survival that was statistically significant as compared with mice treated with either single agent alone ( Figure 5A) . Examination of the bone marrow 7 days after the start of treatment revealed a significantly reduced blast percentage in DOCK2 KD mice treated with the combination of ara-C and MK8776, as compared with mice in other treatment groups ( Figure 5B ). In contrast, no significant difference in survival ( Figure 5A ) or bone marrow blast percentage ( Figure 5B ) was observed among mice transplanted with control MV4;11 cells and treated with any of the individual drugs or combinations.
Discussion
The treatment of AML with FLT3-ITD mutations represents a significant clinical challenge. Although remission in patients harboring FLT3-ITD mutations can be achieved with cytarabine-based conventional induction chemotherapy with a frequency similar to other AML patients, the remission is often shorter and the relapse rates are higher.
One well-established mechanism of chemoresistance is the enhancement of DNA damage repair activity by oncogenic kinases, which promotes cancer cell survival in the presence of genotoxic stress. The elevated FLT3 kinase activity in FLT3-ITD leukemic cells leads to increased STAT5 activity, which regulates the activity of several key DDR regulators, including PIM-1, CHK1, WEE1, and RAD51. Furthermore, ERK, another downstream target of FLT3-ITD signaling, regulates expression of MMR factors via AP-1. Accordingly, we found that exogenous expression of FLT3-ITD in TF-1 cells led to elevated activity of Rac1, increased expression of CHK1, WEE1, RAD51 and MMR factors, as well as significantly increased resistance to ara-C treatment. The increased expression of these MMR and DDR pathway components in FLT3-ITD cells is likely crucial for the cells' survival, since FLT3-ITD drives an increase in reactive oxygen species resulting in increased DNA damage.
Our previous study revealed that decreased DOCK2 expression in FLT3-ITD leukemic cells leads to increased sensitivity to ara-C treatment. FLT3-ITD is known to activate Rac1, which controls a variety of cellular functions. 47 Of particular interest, Rac1 has been implicated in chemoresistance in cancer cells due to its regulatory roles in DDR pathways. 48 Since DOCK2 functions as a guanine nucleotide exchange factor for Rac1, DOCK2 KD results in decreased Rac1 activity, thereby decreasing STAT5 and ERK phosphorylation, as well as markedly reducing the expression of downstream DDR factors. Interestingly, KD of DOCK2 also resulted in reduced expression and activity of FLT3-ITD. The mechanism by which FLT3-ITD is regulated by DOCK2 is not completely clear. However, the expression of Meis1 and Myb, two known transcription regulators of FLT3, was also significantly downregulated FLT3-ITD leukemia, DOCK2 and DNA damage response haematologica | 2019; 104 (12) when DOCK2 was knocked-down in FLT3-ITD leukemic cells. Thus, DOCK2/Rac1 and FLT3-ITD appear to form a positive feedback loop, and cooperate to modulate cellular DDR activities ( Figure 6 ).
Rac1 itself is a challenging therapeutic target due to its widespread expression and diverse cellular functions. 49 As a tissue-specific Rac1 effector, DOCK2 may prove to be a more feasible target in that its inhibition allows for hematopoietic-specific Rac1 inhibition. Although DOCK2 inhibitors are not currently widely available, small molecular inhibitors of DOCK2 have been reported. 50 Moreover, screening of pre-existing drug libraries may be warranted to uncover potential novel DOCK2 inhibitors.
Various regulators of DDR have also been investigated haematologica | 2019; 104(12) Figure 5 . DOCK2 knockdown in transplanted MV4;11 cells enhanced the treatment benefit of ara-C in NSG mice, both alone and in combination with MK8776. (A) Survival of immunodeficient NSG mice transplanted with MV4;11 cells (0.6 x 10 6 cells) after daily intraperitoneal (i.p.) injections of vehicle, ara-C (50 mg/kg), MK8776 (10 mg/kg), MK1775 (15 mg/kg), ara-C+MK8776, or ara-C+MK1775 for 3 consecutive days. When combined with ara-C, MK8776 and MK1775 were injected 30 min after the ara-C injection. (B) Bone marrow blast percentage was measured 7 days after the start of treatment. The combined treatment with ara-C and MK8776 resulted in significantly reduced bone marrow blast percentage in NSG mice transplanted with DOCK2 KD MV4;11 cells, compared with mice treated with either single agent. *P<0.05; **P<0.01. C: mice transplanted with MV4;11 cells expressing control short hairpin (sh)RNA; KD: mice transplanted with MV4;11 cells expressing shRNA against DOCK2.
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as therapeutic targets to combat chemoresistance. Here we demonstrate that the suppression of DOCK2 significantly increases the sensitivity of FLT3-ITD cells to ara-C in combination with inhibitors of CHK1, WEE1 and RAD51 in vitro, and ara-C with a CHK1 inhibitor in vivo. While these results help to clarify the interplay between FLT3-ITD and DOCK2, they also suggest that DDR inhibitors may provide a useful addition to chemotherapeutic regimens in patients with FLT3-ITD AML, since control FLT3-ITD cells also showed modest increases in apoptosis and DNA damage when treated with DDR inhibitors in combination with ara-C.
The findings in this study suggest that DOCK2/Rac1 activity may play an important role in FLT3-ITD signaling, particularly with respect to DDR pathways. DOCK2 is a promising therapeutic target that allows for tissuespecific Rac1 inhibition, and perturbations in DDR pathways in FLT3-ITD AML could also be harnessed to provide novel strategies for the treatment of this aggressive neoplasm. Figure 6 . Proposed mechanism through which Rac1/DOCK2 and FLT3-ITD cooperate to regulate the DNA damage response in FLT3-ITD leukemic cells. FLT3-ITD activates STAT5, directly or through activation of Rac1. Activated STAT5 leads to activation of CHK1, WEE1, PIM-1 and RAD51, which in turn increases DNA repair activity in the cell. FLT3-ITD also activates mismatch repair activity via activation of ERK1/2. DOCK2 activates Rac1 activity through its function as a guanine nucleotide exchange factor (GEF), and also modulates FLT3-ITD expression via regulation of Meis1 and Myb.
